Introduction

Measurements
Many of the ash particles shown in the figures are fragments of bubble walls (shards). Rose [ 1986] gives details of the character of ash.
contains particles that were suspended by a specific air flow rate and so represent groups of particles having specific terminal settling velocity ranges. The air flow rates chosen for each terminal velocity group correspond to flow rates used to suspend spherical particles with specific diameters (listed in Table 1 ). Subsamples of the Yakutat sample were not made. Ash from the Wells Bay subsamples and Yakutat sample were deposited on aluminum stubs by first unclumping the charged particles with a destat gun. Ash was then sprinkled through a hole in the side of a funnel into a fast moving air stream where the ash particles are transported to a grain mount held~8cm from the end of the funnel. Particles stick to the surface of the aluminum stub by adhering to a carbon sticky tab on the surface. Both the distance between the aluminum stub and funnel and the air flow rate were selected to provide the best particle separation and random particle orientation.
The SEM backscattered imagesweretakenof 43 to 145particlesin eachsizebin. The magnificationwassetso thatthe greatest numberof particleswereobservedat an adequate separation. This enablesthe automated imageanalysissystemto correctlydistinguishindividual particles. Figure 1 showsa SEM imageof the particlesin the smallestbin from the Wells Bay sample(terminalvelocitygroupone, The shape of a spheroid is specified by the axial ratio a/b, where b is the rotational (vertical)
semi-axis, and a is the horizontal semi-axis. The axial ratio is greater than 1 for oblate spheroids, smaller than 1 for prolate spheroids and equal to 1 for spheres [MT 1998 ]. In light of the measured 2D aspect ratios presented above, the axial ratio ranged from 0.5 to 2.5.
We assume that the total mass of the ash cloud is fixed as well as mass density, so that a particle is only allowed to change its shape without changing its volume. Thus, the size distribution of spheroids is described by the size distribution of equivalent volume spheres, n(r).
The single scattering properties of the Mt. Spurr ash cloud (extinction cross section, single scattering albedo,o_ and phase matrix, 7) were computed at TOMS ash wavelengths (0.341am , 0.36wn and 0.38pan) using the extended precision version of the T-matrix code (Mishchenko and Travis, 1998, here-after MT). For simplicity, we neglect the very slight spectral variation of refractive index at these wavelengths (Winchester 1998). The real part of the refractive index was"
taken from the measurements and the imaginary part was varied between 0.001 and 0.2.
Extinction cross-section
As mentioned earlier, the typical sizes of the airborne volcanic ash particles range from submicron fraction to a large~201.tm particles. Given the TOMS wavelengths in the near UV spectral region (0.34p.m-0.38_tm) this translates into size parameter, x=2rt'r/_,, range of less than 1 to more than 150. Figure 3 shows the monodisperse extinction efficiency factor, Qe (Qe = extinction cross section divided by the geometrical cross-section of the equal volume sphere, rcr 2)
for spheroids with different axial ratio (a/b) as a function of equivalent sphere radius. The corresponding ratios of non-spherical to spherical cross-sections are also shown in the figure.
The ratios are close to 1 for finest particles (r<0.1_tm), but oscillate with r for larger size particles (r> 0. l_tm). The peaks in the ratios coincide with local minimums in the extinction efficiency factor for spheres. To develop such an analytical expression let us point out that the limit of the extinction crosssection for sufficiently large arbitrary shaped particle is 2G (G is the geometrical cross section for a given orientation of a particle, for sphere G ---n'r2) [Hulst, 1957] . Next, we use the Cauchy theorem [Cauchy, 1841; Vouk, 1948; Chylek, 1977] that states that orientation-averaged crosssection (shadow) of any convex object is IAA, where A is the surface area of this object. For example, for oblate spheroids: The nonspherical-spherical difference in particle cross section increases monotonically with increasing deviations from sphericity because the surface area of the particle increases at a constant volume. Indeed, at fixed volume sphere has the least surface area and, hence, produces least possible shadow (isoperimetric property). We should stress however, that this result was obtained for convex particles only and real ash particles can have a more complex shape.
Single scattering albedo
Volcanic plumes may increase or decrease radiation backscattered from the pure Rayleigh atmosphere depending on the ash absorption [ Krotkov et al., 1997] . The single scattering albedo,o3, tells which part of the radiation is being scattered by the ash particles and which part is absorbed.
It is determined in turn by the particle size and complex index of refraction, m. Figure   5 shows co at 0.3801Ltm for monodisperse spheres and spheroids, as a function of equivalent volume sphere radius for m= 1.5-0.005i. For particle sizes comparable to wavelength of radiation (r-0.1-0.21.tm) scattering dominates absorption (o_-0.97). The absorption increases for both large and small particles (co decreases).
In the geometrical optics limit (x>>l), the limiting value of is given by [Chylek, 1975] :
This is indeed the case in figure 5 , whose curve may approach 0.5 for large particles, but stays above this value. For small particles in Rayleigh regime (x<<l) the absorption and scattering efficiency factors (Q_,s and Qscat) are given by equations:
Since Qabs is linear with x and Qscat varies with x 4, the absorption dominates scattering for small values of x 0 (figure 5). The non-monotonic dependence of co on r suggests that unambiguous retrieval of particle sizes is possible only for particles larger than~0. ll.tm.
We also see from figure 5 that the nonspherical-spherical differences in single scattering albedo are much less pronounced than in cross section. They disappear after averaging over broad size distribution of ash particles.
Phase Functign
The phase function is much more sensitive to the particle shape than are any of the other single scattering properties such as cross section or single scattering albedo [Mishenko and Travis 1995; Mischenko et al., 1996] . Figure  6 shows a comparison of the spherical and non-spherical (a/b=l.5) single scatter phase functions, y, at 0.380rim for polydisperse spheroids, as a function of scattering angle over the range of typical TOMS geometries. The spheroids follow a power law size distribution, n(r), r being the radius of an equivalent volume sphere.
There is enhanced scattering for angles 100°to 160°. The enhanced side-scattering and suppressed backscatering may be universal characteristics of non-spherical phase functions [Mishchenko et al., 1995] . The phase function ratio increases with increasing of particle effective radius, Re. This increase at a/b=l.5 is from 1.5 for Re--0.4/1 m to 5.5 for Re=l.6/.t m. Due to the relatively small wavelength separation between the TOMS aerosol channels (20nm) and the very slight change in refractive index, there is only about a 20% difference in the phase function at 360rim and 0.3801xm (for both spherical and non-spherical particles).
MULTIPLE SCATTERING MODEL
To compute the backscattered radiances at the TOMS sensing wavelengths (0.341xm , 0.36prn, and 0.381xrn), a single component ash cloud of spheroids following a power law size distribution, n(r), was used to reduce the computational burden [MT 1998 ]. It has been shown (Hansen and 
Re=_r3n(r,R,,V,)dr / _r2n(r,R,,V,)dr
V,=_r4n(r,R,,V,)dr / _r2n(r,R,,V,)dr
Though the fall-out samples have mean radii larger than 10 lain, preliminary analysis of TOMS data using spherical particles shows the Mt. Spurr drift cloud to have Re<2 /.t m (Krotkov et al., 1998) . Since the sensitivity of the TOMS retrieval to particle shape is being tested, Re was varied between 0.1 # m and 1.6 _ m, and Ve ranged between 0.1 and 0.73. MT have shown there is relatively little difference between scattering properties from randomly oriented oblate and prolate spheroids, so prolate spheroids were used here. In light of the measured 2D aspect ratios presented above, the axial ratio of the spheroids was equal to the average measured aspect ratio of Mt. Spurr ash samples, a/b= 1.5. This explains the effect of the particle effective radius on the polar angle in the ash diagram (figure 7). Figure 5 shows that to decreases with r for particles larger than~0. l_tm. Therefore, increasing the particle radius (>0. llam) is equivalent to a change from weakly absorbing to strongly absorbing ash. However, for particles with Re < 0.1 _ the to effect is reversed. Therefore the unambiguous retrieval of particle size from the UV radiances is possible for sufficiently large particles (i.e. Re >0. l_tm).
We note that for observational conditions of the Spurr cloud, there is such a value of to, that single-channel radiance remains the same for any ash optical depth. This points out a necessary condition of having at least two spectral channels for unambiguous ash retrieval optical depthradius retrievals.
EFFECTS ON OPTICAL DEPTH-RADIUS RETRIEVALS
As described by Krotkov et al. (1997) , 't"and Re are retrieved from a diagram such as Fig. 7 by comparing measured and modeled radiance-contrast values. The particle shape has very little effect upon the ash diagram for smallest particles (Re=O. 1_n). For Re > 0. l gra there is, however, a definite difference between the results for spherical and non-spherical particles. At these larger Re values the 0.38txrn radiance is greater for non-spherical particles than for spherical particles, due mainly to the increased side scatter seen in Fig. 6 . In addition, the spectral contrast is decreased for non-spherical particles.
As a result the r -Re retrieval, when using a spherical ash particle model, overestimates _r and underestimates Re. If the true ash particle size was 0.4 ,u m, then the retrieved't" is overestimated by 10-15% and Re is underestimated by = 20%. For an ash size of 1.6/1 m and a/b= 1.5, the errors increase to 50-60% in lr 40-50% in Re.
As to the sensitivity of these differences seen in Fig.7 for e = 1.5 and increase for e = 2.0.
EFFECT ON MASS RETRIEVAL
The retrieved Re and "t"data for each pixel can be converted to a pixel ash mass,
where p is the particle mass density, S is the pixel area, and the dimensionless mass conversion factor f =< r 2 > / < r2Q, > (averaging over particle size distribution, f=0.5 in the geometrical optics regime). The error in the cloud mass due to particle shape is
where the superscript s denotes the spherical value and ns is the non-spherical value. The difference between f s and f _' is small and can be neglected. So, the error is the ratio of the product of Re and "r. Since the errors in the retrieved Re and "rvalues are of opposite sign, they cancel to some degree in the mass conversion. For the case in Fig. 7 with e = 1.5 the mass is underestimated by =10%.
CONCLUSIONS
Using the T-matrix method of computing the scattering properties of randomly oriented spheroids, we found that shape effect is important only for sufficiently large particles (i.e.
Re>0.1_'n). 
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The error bars represent possible oscillations in the ratio for monodisperse particles with x>30, rather than accuracy of the individual T-matrix calculations, which was better than 0.001 [MT, 1998 ]. The black asterisk shows actual TOMS measurements for this particular pixel. 
